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ABSTRACT 


Herpes simplex virus type 1 (HSV-1) enters 
productive infection after infecting epithelial cells, 
where it controls the host nucleus to make viral 
proteins, starts viral DNA synthesis and 
assembles infectious virions. In this process, 
replicating viral genomes are organized into 
replication centers to facilitate viral growth. HSV-1 
is known to use host factors, including host 
chromatin and host transcription regulators, to 
transcribe its genes; however, the invading virus 
also encounters host defense and stress 
responses to inhibit viral growth. Recently, we 
found that HSV-1 replication centers recruit host 
factor CTCF but exclude yH2A.X. Thus, HSV-1 
replication centers may selectively recruit cellular 
factors needed for viral growth, while excluding 
host factors that are deleterious for viral 
transcription or replication. Here we report that the 
viral replication centers selectively excluded 
modified histone H3, including heterochromatin 
mark H3K9me3, H3S10P and active chromatin 
mark H3K4me3, but not unmodified H3. We found a 
dynamic association between the viral replication 
centers and host RNA polymerase Il. The centers 
also recruited components of the DNA damage 
response pathway, including 53BP1, BRCA1 and 
host antiviral protein SP100. Importantly, we found 
that ATM kinase was needed for the recruitment of 
CTCF to the viral centers. These results suggest 
that the HSV-1 replication centers took advantage 
of host signaling pathways to actively recruit or 
exclude host factors to benefit viral growth. 
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INTRODUCTION 


Herpes simplex virus type | (HSV-1) belongs to the herpes 
family of DNA viruses, and infects numerous cell types during 
the productive phase of infection, but enters latency in neuronal 
cells. HSV-1 infects more than 80% of the population (Roizman 
& Whitley, 2013), and when activated from latency, it is 
responsible for oral and genital herpes, keratitis and in rare but 
often fatal cases, herpes encephalitis (Knipe & Howley, 2007). 
HSV-2 is similar to HSV-1 in genome and there is common co- 
infection in HIV-1 infected people (Lai et al, 2003; Zhou et al, 
2014). 

The outcome of HSV-1 infection is determined by complex 
interactions between the virus and the host cell and immune 
system. At a cellular level, the incoming virus first releases its 
linear DNA into the nucleus, which quickly circularizes and 
becomes chromatinized (Conn & Schang, 2013). With the help 
of tegument proteins ICPO and VP16 (Wysocka & Herr, 2003) 
and host transcription machinery, HSV-1 starts transcribing the 
viral genome, first the immediate early genes (IE) and then the 
early genes (E), to prepare viral DNA synthesis and modify host 
responses. With the onset of viral DNA replication, the virus 
also makes late genes and finally assembles viral particles 
(Everett, 2014; Knipe & Howley, 2007). Viral replication usually 
occurs about 6 hours post infection (hpi). Replicating viral 
genomes first appear at pre-replication centers marked by viral 
protein ICP8 (Knipe et al, 1982), a single strand DNA binding 
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protein, and then gradually form distinct replication centers or 
compartments. These centers grow quickly in size and finally 
merge into larger regions occupying much of the cellular 
nucleus. Unlike the viral genome during the pre-replication 
stage, the rapidly replicating HSV-1 genome is only partially 
chromatinized (Lacasse & Schang, 2010, 2012). 

The incoming virus triggers a number of host responses, 
including activation of the interferon pathway (Griffiths et al, 
2013; Lafaille et al, 2012; Shen et al, 2014), DNA damage 
response (Lilley et al, 2011; Smith et al, 2014; Volcy & Fraser, 
2013), apoptosis (Prasad et al, 2013; Wang et al, 2011) and 
other host defense mechanisms that limit viral growth. Many 
viral genes are designed to deal with these host responses to 
ensure viral transcription, genome synthesis and assembly. For 
example, the viral protein ICP34.5 is a key viral factor that 
interferes with the interferon y pathway (Pasieka et al, 2006; 
Rasmussen et al, 2011; Wang et al, 2014). Likewise, the viral IE 
protein ICPO can quickly counter host transcription silencing of 
PML, SP100, RNF8 and RNF168 activity by degrading these 
proteins, and prevent host silencing complex CoREST from 
inhibiting viral genes (Ferenczy et al, 2011; Roizman, 2011; Wang 
et al, 2012). HSV-1 can also produce viral-host shutoff (VHS) 
factor to degrade host mRNAs (Barzilai et al, 2006; Esclatine et al, 
2004; Taddeo et al, 2006, 2013), while viral protein ICP27 can 
inhibit host MRNA splicing (Nojima et al, 2009; Sedlackova et al, 
2008), thus reducing cellular protein synthesis. 

During lytic infection, the interactions between the incoming 
virus and the host are dynamic and complex, with well- 
organized viral replication centers. Indeed several proteins have 
been implicated in the organization of the replication centers. 
Nuclear lamin A, a structure protein playing an essential role in 
the organization of the host nucleus, is important for HS\V-1 
replication center organization (Silva et al, 2008) and host 
transcription regulator HCF-1 is needed for proper replication 
center formation (Peng et al, 2010). The host DNA damage 
response (DDR), in particular, has an intriguing interaction with 
replicating HSV-1. The incoming virus firstly activates the host 
DDR, probably due to the linear ends of its genome, and then 
reactivates the host DDR during viral genome replication, which 
exhausts host DNA replication factors (Burke et al, 2005). The 
DDR recruits a number of factors to the viral replication centers, 
some of which are beneficiary to viral growth, including RAD51 
(Wilkinson & Weller, 2004), Fanconi Anemia factor FANCD2 
(Karttunen et al, 2014) and ATM (Weitzman & Weitzman, 2014), 
and some of which inhibit viral transcription and are harmful to 
viral growth (Everett & Murray, 2005; Lilley et al, 2011; 
Parkinson et al, 1999; Song et al, 2000; Weitzman et al, 2004), 
including RNF8, RNF168 and host silenced chromatin. Recent 
research has shown that the host chromatin mark of DNA 
damage sites, yH2A.X, is recruited towards the replication 
centers but is prevented from entering, instead forming a cage- 
like structure surrounding the ICP4 or ICP8 marked viral 
genomes (Wilkinson & Weller, 2006). This finding strongly 
suggests that replicating viral genomes selectively recruit or 
exclude host factors. Thus, examination of the selective 
recruitment or exclusion of host factors by the HSV-1 replication 
center can help illuminate new regulatory mechanisms of viral- 


host interactions. 

Although many important details of viral-host interaction are 
known, how the quickly replicating virus interacts with host 
chromatin and host DDR is still not well understood. Thus, we 
analyzed the interaction of HSV-1 replication centers with host 
chromatin and host DDR factors. We found that host modified 
histones H3K9me3 and H3K4me3 were excluded from the 
replication centers and host RNA polymerase II (RNA Pol II) 
was recruited, though dynamic changes in phosphorylated RNA 
Pol Il recruitment were observed as small replication centers 
began to merge. Host DDR factors 53BP1 and BRCA1 were 
recruited but host RNF8 was excluded. Importantly, the 
recruitment of host organizer CTCF was enhanced by the ATM 
kinase pathway. Taken together, these findings provide further 
evidence that viral replication centers are highly organized and 
actively recruit or exclude host factors to facilitate viral growth. 


MATERIAL AND METHODS 


Cells and virus 

The BJ, HeLa, 293T and Vero cells were obtained from 
American Type Culture Collection. ATM+/+ and ATM-/- cells 
were kindly provided by Matthew Weitzman from University of 
Pennsylvania Perelman School of Medicine, Philadelphia. Cells 
were grown in Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco, USA) supplemented with 10% fetal bovine serum (FBS), 
penicillin (100 U/mL), and streptomycin (100 wg/mL) in a 
humidified 5% CO2 atmosphere at 37 °C. The HSV-1 was gifted 
by Professor Qi-Han LI from the Institute of Medical Biology, 
Chinese Academy of Medicine Science. The virus was grown 
and titrated on Vero cells. Viral infections were done according 
to standard protocols. Briefly, cultured cells were replaced with 
serum free DMEM, followed by adding the virus and incubating 
for 1 hour with occasional rotation to get an even spread. The 
culture medium was then replaced by regular DMEM with 10% 
FBS and 1% antibiotics. Cell treatment was with ATM inhibitor 
KU55933, with cells treated with 20 uM KU55933 for 1 hour 
before HSV-1 infection. During the HSV-1 infection process, 
KU55933 was not removed from the medium. 


Antibodies 

CTCF polyclonal antibodies, H3K4me3 and SP100 were made 
by GLS Biochem (Shanghai, China), CTCF monocle antibodies 
were from Millipore, Germany. Antibodies against yH2A.X, RNA 
Pol Il Ser2P, RNA Pol II Ser5P, H3, H3K9me3, 53BP1, BRCA1, 
RNF8 and RNF168 were obtained from Abcam Cambridge, 
UK. Monoclonal antibody against ICP4 was a gift from Gerd 
Maul’s laboratory at the Wistar Institute (Everett et al, 2004; 
Showalter et al, 1981). The H3S10p antibody was presented 
from Ping ZHENG’s laboratory at the Kunming Institute of 
Zoology, Chinese Academy of Sciences. Alexa Fluor® 594 
Goat Anti-Mouse IgG (H+L) Antibody and Alexa Fluor® 488 
Goat Anti-Rabbit IgG (H+L) Antibody were from Life 
Technologies, USA. 


Immunofluorescence 
The BJ, HeLa, ATM+/+ and ATM-/- cells were seeded on glass 
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coverslips in 24-well plates one day before infection and used 
for infections at a multiplicity of infection (MOI) of 5 PFU/cell. At 
5 or 6 hpi, cells were fixed with 4% paraformaldehyde at 4 °C 
for 60 min and extracted with 0.2% Triton X-100 in PBS for 10 
min. Nuclei were visualized by staining with Hoechst 33342. 
Images were acquired using a Nikon 80i, Japan. 


RESULTS 


HSV-1 replication centers excluded modified histones 
To determine how the replicating HSV-1 genomes interacted 
with the host chromatin, we conducted double immunostaining 
using an antibody against the viral protein ICP4 to label the viral 
replication centers and antibodies against histones in infected 
cells. In human primary fibroblast BJ cells, we infected with the 
17+ strain of HSV-1 at an MOI of 5 and let the infection go for 6 
hours, a time point when HSV-1 replication centers are well 
organized and recruitment or exclusion of host proteins is 
obvious. Due to the heterogeneity of cells and variation in the 
number of incoming viruses in each cell, we saw viral 
replication at various stages in different cells, from early small 
but distinct replication centers to large fused replication centers 
occupying most of the cellular nucleus. 

We tested the localization of unmodified histone H3, modified 


H3K4me3 


H3K9me3 


H3S10P 





histones H3 lysine 4 trimethylation (H3K4me3), H3 lysine 9 
trimethylation (H3K9me3) and H3 serine 10 phosphorylation 
(H3S10p). Representative staining results are shown in Figures 
1A-1D. Histone H3 did not show particular recruitment or 
exclusion in HSV-1 replication centers (Figure 1A). We 
highlighted a large replication center by dashed lines based on 
ICP4 staining, and the corresponding area on the H3 staining 
showed no difference in intensity from the surrounding areas 
outside the replication center (arrows). However, active 
chromatin mark H3K4me3 was clearly excluded from these 
centers (Figure 1B). We highlighted two centers with dashed 
circles (arrows), which indicated that the circled H3K4me3 (red) 
signal areas were obviously weaker than the surrounding area. 
In the merged image, ICP4 positive areas had little H3K4me3, 
confirming its exclusion. Likewise, H3K9me3, a mark of 
heterochromatin, was also excluded by replicating HSV-1 
genomes. In Figure 1C, the dashed circle of the fused 
replication center (arrow) shows a reduction in the H3K9me3 
signal, and the merged image shows mostly ICP4. Finally, we 
tested the serine10 phosphorylated form of histone H3, and 
found that in infected cells, H3S10p appeared to form clusters 
of staining signals and did not usually overlap with the ICP4 
signals, although they appeared in close proximity in many 
cases, as shown in Figure 1D (arrows). 
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Figure 1 Recruitment or exclusion of histone and modified histone with HSV-1 replication centers 
All cells were infected with HSV-1 at MOI=5 or 6 hours before fixing for immunofluorescent staining. In each row, cells were stained with two different antibodies, 
and images were merged to examine how the staining signals related to viral replication centers. A: Double staining with histone H3 (green) and ICP4 (red) 


antibodies. B: Double staining using ICP4 (red) and modified histone H3K4me3 (green). White arrows point to two of the viral replication centers, where H3K4me3 


is very weak compared with the surrounding area. Merged images show green viral foci areas, suggesting a lack of red signal in the same area. C: Double staining 


with modified histone H3K9me3 (green) and ICP4 (red). Dashed circle shows part of a large fused replication center, where H3K9me3 is excluded. D: Cells double 


stained by modified histone H3S10P (green) and ICP4 (red). Arrows point to two distinct replication centers. H3S10P shows large clustered staining, which does 


not overlap with ICP4. Magnification ratio: 400X. 
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RNA polymerase Il showed dynamic interaction with 
replicating viral genome 

RNA Pol II is known to interact with replicating viruses and is 
highly phosphorylated in virally infected cells (Egloff & Murphy, 
2008; Jenkins & Spencer, 2001). However, how dynamic RNA 
Pol Il interacts with the HSV-1 genome as the virus transits from 
transcription to replication at 6 hpi is not known. To understand 
this dynamic interaction, we conducted double staining of ICP4 
and RNA Pol II (Figure 2A). The ICP4 labeled early replication 
centers were colocalized with the RNA Pol II signal (orange 
arrows), with merged staining showing colocalization. We then 
stained antibodies specifically recognizing the serine 2 
phosphorylated (Ser2P) form of RNA Pol II, which marks the 
elongating form of RNA polymerase (Kwak & Lis, 2013; Zhou et 
al, 2012). Figure 2B shows two infected cells, the left cell 
contains several distinct replication centers and the right cell 
contains large well-developed centers. Ser2P was recruited by 
smaller to intermediate sized replication centers (orange 
arrows), but not by large, well-developed centers (white arrows). 
This demonstrated that the elongating form of RNA Pol Il 
associated more with early replicating viral genomes, but less 


A Pol II ICP4 


Pol II ser2P 


Figure 2 Recruitment of RNA Pol Il by replicating HSV-1 





with genomes in fully developed replication centers. We next 
examined the recruitment of serine 5 phosphorylated RNA Pol Il. 
Similar to RNA Pol Il Ser2P, the RNA Pol II Ser5P signal was 
also recruited to viral centers, but much more strongly 
(comparing orange arrows in Figures 2B and 2C), an 
observation consistent with reports that viral factor ICP22 
degrades RNA Pol II Ser2P (Fraser & Rice, 2007; Zaborowska 
et al, 2014). In the present study, RNA Pol Il Ser5P was 
recruited into viral centers in both early individual foci and late 
fused foci, although there was a drop in intensity in the RNA Pol 
Il Ser5P signal in later fused replication centers. This could be 
seen by comparing orange arrows (marking individual viral 
center) with white arrows (well-developed, fused center), and 
the merged images in Figure 2C. The merged image shows 
that the smaller individual replication centers were mostly green 
and the large fused foci were orange, suggesting that the 
former had more RNA Pol II Ser5P than the latter. This result 
showed a reduction in RNA Pol II recruitment in fully developed 
replicating centers. Taken together, these findings suggest that 
active transcription occurred in smaller replication centers, but 
not in large fused ones. 
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BJ cells were infected with HSV-1 for 6 hours at MOI=5 and fixed for immunostaining. A. Double staining using ICP4 (red) and RNA Pol II (green) antibodies 


showing recruitment of total RNA Pol II to ICP4 labeled HSV-1 replication centers. B: Double staining using ICP4 (red) and Ser2 phosphorylated RNA Pol II (green) 


antibodies. Orange arrows show a well-defined replication center. White arrows show large fused replication centers. C: Immunostaining with ICP4 antibody (red) 


highlighting viral replication centers and Ser5 phosphorylated RNA Pol II antibody (green) showing paused RNA polymerase. Orange arrows indicate a cluster of 


well-defined replication centers, white arrows indicate late stage fused replication centers. Magnification ratio: 400X. 


Interaction between HSV-1 replication centers and DDR 
factors 

To determine the potential interaction of DDR factors with the 
replicating viral genome, we surveyed four DDR factors, 53BP1, 
BRCA1, RNF8 and RNF 168, using immunofluorescent staining. 
53BP1 is a key DNA damage repair factor involved in 
nonhomologous end joining (NHEJ) double strand break (DSB) 
repair (Taylor & Knipe, 2004; Weitzman & Weitzman, 2014). 
Only a few studies have explored whether 53BP1 plays a role 
in DNA virus infection (Bailey et al, 2009; Salsman et al, 2012). 
BRCA‘1 is another key regulator of host DDR and mediates a 
homologous recombination type of DSB repair (Yun & Hiom, 


2009), though its role in HSV-1 infection has not yet been 
established. RNF8 and RNF168 are two essential ubiquitin 
ligases needed to modify histones and other DDR factors 
during DNA damage repair (Lilley et al, 2010; Mattiroli et al, 
2012). They are reported to restrict HSV-1 infection (Mattiroli et 
al, 2012), however, how RNF8 and RNF168 relate to HSV-1 
replication centers is not known. To characterize the 
relationship between viral replication centers and these DDR 
factors, we double stained using CTCF or ICP4 to label the viral 
replication centers. 

CTCF can be recruited to the HSV-1 replication compartment 
and colocalized with ICP4 (Figures 4C and 4E). However, 
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because some commercial antibodies are not compatible with 
ICP4 (for example, mouse derived 53BP1 antibody and ICP4), 
we used rabbit derived CTCF antibody to label HSV-1 
replication centers in certain experiments. As shown in Figure 
3A, the 53BP1 and CTCF signals colocalized quite well, 
suggesting that 53BP1 was recruited by the viral centers. 
Similarly, BRCA1 was also recruited by these centers (Figure 
3B, arrows), although the staining signals were weaker. 
Conversely, RNF8 was excluded by the HSV-1 replication 
centers. We circled two well-defined replication centers with 
dashed lines (Figure 3C, white arrows), which shows much 








x 
RNF 168 


SP100 
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Figure 3 Recruitment or exclusion between HSV-1 replication centers and cellular DDR factors 
Each row of panels was double stained using two antibodies. Red and green signals were merged to show how the two signals relate to each other (overlap or 





weaker RNF8 signals compared with ICP4. RNF168 staining 
was too weak to determine recruitment or exclusion. The weak 
RNF168 signal was probably due to degradation by the viral 
ICPO protein (Chaurushiya et al, 2012; Lilley et al, 2010). In 
contrast to the results of Lilley et al (2010), RNF8 showed less 
degradation than RNF168, as seen in Figures 3C and 3D. This 
may be due to differences between the cell line, antibody and 
infection period. Taken together, our results demonstrated that 
HSV-1 replication centers selectively recruited two DDR factors, 
53BP1 and BRCA1, and excluded RNF8, which suggests that 
53BP1 and BRCA1 may be beneficial to viral growth. 
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mutual exclusion). Nucleus was stained with Hoechst33342 to show nucleus outline. A: Double staining using 53BP1 (green) and CTCF antibodies (red). White 


arrows show a viral replication center, highlighting overlap between two proteins. B: Double staining using CTCF (red) and BRCA1 (green) antibodies. Arrows show 


a viral replication center. Merged signals show overlap of these two proteins in the replication center. C: Double staining using ICP4 (red) and RNF8 (green). 


Dashed circles show two HSV-1 replication centers highlighting apparent exclusion of RNF8 by replication centers. Orange arrows show a large replication center 
and the absence of RNF8 staining. D: Double staining of CTCF (green) and RNF168 proteins (red). E: Double staining of SP100 (green) and ICP4 (red). White 
arrows show a cluster of three replication centers and co-localization of SP100 with these centers. Orange arrow show an uninfected cell where SP100 shows 


punctate staining. Magnification ratio: 400X. 


Cellular antiviral defense factor SP100 interacted with 
HSV-1 replication centers 

SP100 is a key cellular antiviral defense protein normally stored 
in the promyelocytic leukemia protein (PML) bodies. HSV-1 
protein ICPO specifically targets the PML bodies and degrades 
their components (Everett & Murray, 2005; Gu et al, 2013; 
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Negorev et al, 2009). This can be seen in the uninfected cell in 
Figure 3E (orange arrow), where SP100 staining exhibited a 
strong, punctate pattern. In infected cells, however, this pattern 
disappeared in Figure 3E (white arrow). To determine if SP100 
was recruited by the viral replication centers, we increased the 
amount of exposure to offset the effect of degradation of SP100 


by ICPO. The staining results clearly showed that SP100 was 
recruited by the viral replication centers (Figure 3E, white 
arrows), which suggests a possible direct interaction of SP100 
with the HSV-1 genome to inhibit viral gene transcription. 


CTCF recruitment was facilitated by the ATM kinase 
pathway 

HSV-1 lytic infection activates the host DDR, as marked by the 
activation of ATM kinase, a key signaling kinase (Lilley et al, 
2005). In the present study, several members of the host DDR 
were recruited to or towards the HSV-1 replication foci, 
including ATM, yH2A.X, 53BP1 (Figure 3A) and BRCA1 (Figure 
3B). ATM kinase has been shown to affect HSV-1 replication 
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(Lilley et al, 2011). To investigate whether CTCF recruitment 
was affected by the host DDR, we tested the effect of ATM 
inhibitor (ATMi) KU55933 on CTCF recruitment by the 
replicating viral foci (Hickson et al, 2004). As a control 
experiment, we monitored the behavior of YH2A.X. As shown in 
Figures 4A-4B, ATMi slightly inhibited the recruitment of YH2A.X 
to the HSV-1 replication center. Before adding ATMi, more 
YH2A.X was recruited to the ICP4 foci and it was distributed in 
a broad area around the foci, while in ATMi-treated cells, less 
YH2A.X was recruited and it was located in a much tighter area, 
which overlapped almost exactly with the ICP4 foci. The 
reduction in yH2A.X recruitment indicated that ATMi indeed 
inhibited the host DDR. Similarly, recruitment of 
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Figure 4 CTCF recruitment into HSV-1 replication centers facilitated by ATM pathway 
To investigate whether CTCF recruitment was affected by the ATM pathway, we tested the effect of ATM inhibitor (ATMi) KU55933. A: BJ cells infected with HSV-1 
17+ and fixed for immunostaining with either polyclonal antibodies against YH2A.X (red) or monoclonal antibody against viral protein ICP4 (green). Merged image 


shows YH2A.X recruitment to the viral replication centers and occupation of large areas around the viral foci. B: Reduced recruitment of YH2A.X, and colocalization 


with ICP4 when ATM inhibitor was added 1 hour prior to infection. C: CTCF (red) and ICP4 (green) showing clear colocalization at 6 hpi. D: Significant inhibition of 


CTCF recruitment after addition of ATMi. E: CTCF (red) and ICP4 (green) colocalization in mouse MEF cells. F: Less prominent CTCF recruitment and less defined 


staining in MEF cells deficient of ATM. Magnification ratio: 400X. 
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CTCF by the viral foci was also noticeably reduced by ATMi, as 
the inhibitor led to only slight thickening of the CTCF signal 
around viral replication centers, while the control showed a well- 
defined CTCF staining pattern (Figures 4C and 4D). 

We quantified the effect of ATMi on overall HSV-1 foci 
appearance as well as the degree of CTCF recruitment by 
counting the HSV-1 infected cells that exhibited different types 
ICP4 staining: that is, forming foci, no foci but with high levels of 
diffused staining, and low levels of diffused ICP4 staining 
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(Figure 5A). Ku55933 treatment of cells reduced the number of 
ICP4 positive cells by a third, or increased uninfected cells by a 
half, indicating inhibition of HSV-1 infection by the ATMi (Figure 
5B). Consistent with this, the percentage of ICP4 cells with 
ICP4 foci was also reduced by about a third, while the 
proportion of diffused ICP4 staining increased. In ICP4 foci 
positive cells, about 90% of cells also recruited CTCF; however, 
in Ku55933-treated cells, only about 40% of cells recruited 
CTCF (Figure 5B). 


ICP4 diffused weak 
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Figure 5 Inhibition of HSV-1 foci formation and CTCF recruitment into viral replication centers by ATMi 

BJ cells were infected with HSV-1 17+ at 1 MOI and were fixed and stained with ICP4 antibody at 6 hpi. A: ICP4 staining is classified as "/CP4 foci" to represent 
clearly formed, defined viral foci; "/CP4 diffused, bright" to designate high levels of ICP4 staining but no foci formation; "/CP4 diffused, weak" to denote detectable 
ICP4 staining without foci formation. B: In control DMSO treated cells, a majority of infected cells display ICP4 foci while a smaller portion contain diffused staining. 
In cells treated with ATM inhibitor KU55933, the portion of foci forming cells is much smaller, about 20% of infected cells, while about half the infected cells show 
weak diffused staining and a third show strong diffused staining. At 1 MOI, ATMi also inhibited the number of cells infected by HSV-1, about a third drop percentage 
wise. At the same time, YH2A.X and CTCF recruitment into ICP4 foci were reduced by the inhibitor. Magnification ratio: 400X. 


We also tested the effect of mouse MEF cells deficient of 
ATM (Lilley et al, 2011). The control MEF cells (Figure 4E) 
displayed a similar pattern of HSV-1 foci and CTCF recruitment 
to that of human BJ cells (Figures 4C and 4E). In the mutant 
cells, recruitment was significantly reduced (Figure 4F) 
compared with that observed in Figure 4E. These results 
strongly suggest that the ATM pathway facilitated CTCF 
recruitment into the HSV-1 replication centers. 


DISCUSSION 


We surveyed the interactions between HSV-1 replication 
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centers and host chromatin, host RNA Pol Il and host DDR 
factors. We found that viral replication centers selectively 
excluded modified histone H3, but not unmodified H3 (Figure 1). 
RNA Pol II was highly recruited to the centers, but there was a 
dynamic shift in the amount of recruitment as viral replication 
centers transited from small distinct foci to large fused centers 
(Figure 2). The host DDR factors also exhibited selective 
recruitment or exclusion from viral centers. BRCA1 and 53BP1 
were recruited, but RNF8 was excluded (Figure 3). We found 
that the recruitment of host epigenetic regulator CTCF was 
regulated by ATM kinase (Figure 4 and 5), suggesting that 
recruiting host factors was an active process. 


Interaction of host chromatin with HSV-1 replication 
centers 


Immunostaining of histone H3 and modified histone H3 
(H3K9me3, H3K4me3 and H3S10p) showed differential 
staining results. H3 interacted with the viral replication centers, 
but was not enriched in these centers (Figure 1A), while 
H3K9me3, H3K4me3 and H3S10p were all excluded by the 
replication centers (Figures 1B-D). H3K9me3 is a 
heterochromatin mark, and its exclusion was expected as 
the replicating virus was poorly chromatinized and unlikely 
to form heterochromatin. In contrast, the exclusion of 
H3K4me3, an active chromatin mark interacting with highly 
transcribed gene promoters, was rather unexpected. The 
functional implication of this exclusion is interesting and 
merits further investigation. 

We also observed strong recruitment of RNA Pol II (Figure 
2A), consistent with a previous study (Dai et al, 2006). However, 
we found that as the viral replication centers grew in size, RNA 
Pol Il Ser2P quickly disappeared from these centers (Figure 2B). 
Similarly, RNA Pol Il Ser5P also became weaker as small viral 
foci merged into large ones (Figure 2C). This suggests that as 
the virus began genome replication, the transcription of the viral 
genes was gradually reduced. Since transcription and DNA 
replication are incompatible, it is possible that as more viral 
genomes started rapid DNA synthesis, transcription and thus 
RNA Pol Il recruitment was inhibited. How this process is 
regulated is an interesting and important question. 


Replicating HSV-1 genome and host DDR 

HSV-1 has a complex interaction with host responses. HSV-1 
lytic infection activates the host DDR, either due to replicative 
stress resulting from depletion of host DNA replication factors, 
or from exposed double strand DNA ends from the linear 
genome (Smith et al, 2014). Host DDR will trigger apoptosis 
and transcription silencing, which are both deleterious to HSV-1 
growth. However, some DDR components are needed for viral 
replication (Karttunen et al, 2014). Clearly, HSV-1 has 
successfully dealt with host DDR, i.e., taking advantage of host 
DDR factors that are beneficial, such as ATM, and inhibiting or 
degrading host DDR factors that are harmful for viral growth. 
For example, RINF8 and RNF168 are destroyed by ICPO 
(Chaurushiya et al, 2012; Lilley et al, 2010). Although it is not 
clear how many DDR factors affect HSV-1 lytic infection, the 
recruitment or exclusion of certain DDR factors clearly 
indicates an active choice by the HSV-1 replication center. 
Previous research showed that yH2A.X was recruited by 
HSV-1 replication centers, but it did not co-localize with the 
replication centers exactly (Wilkinson & Weller, 2006). In this 
study, we found that cellular 53BP1 and BRCA1 were 
recruited by the viral replication center, while RNF8& was 
excluded. This suggests that 53BP1 and BRCA1 may play 
positive roles in viral growth, while RNF8 (and RNF168) may 
play a restrictive one. Consistent with this analysis, the 
positive role of 53BP1 and the inhibitory roles of RNF8 and 
RNF168 have been reported earlier (Bailey et al, 2009; 
Salsman et al, 2012). 


Recruitment of CTCF and its implications 
CTCF interacts with a consensus sequence through its zinc 
finger DNA binding domain (Burke et al, 2005; Klenova et al, 
1993; Moon et al, 2005). Other than DNA methylation, which 
interrupts CTCF binding to its target, no other reported 
mechanism can regulate CTCF binding to DNA (Filippova et al, 
2001; Teif et al, 2014). However, various studies, especially 
whole genome ChIP-seq studies, have revealed that CTCF 
binding to genomic sites is dynamic and regulated in a tissue 
specific manner, not all of which can be explained by DNA 
methylation of its binding sites (Shukla et al, 2011). In an earlier 
study (submitted, results in “CTCF interacts with the lytic HSV-1 
genome to promote viral transcription and replication center 
organization”), we provided evidence that CTCF was recruited 
by HSV-1 replication centers and played a role in keeping 
YH2A.X from entering viral replication centers. In the present 
study, we showed that CTCF recruitment was facilitated by the 
ATM kinase pathway. The inhibition of ATM by Ku55933 also 
reduced yH2A.X aggregation around the HSV-1 foci, and 
inhibition may have caused infiltration of YH2A.X, a possibility 
consistent with the reduced recruitment of CTCF (Figure 4D). 
This ATM-assisted CTCF recruitment is reminiscent of the 
recruitment of host DDR factors to double strand DNA breaks 
(Matsuoka et al, 2007). Can CTCF participate in the host DDR? 
In a separate study, we found evidence that CTCF was 
recruited through the ATM pathway to double strand DNA 
breaks and participated in host DDR (unpublished). This new 
property of CTCF, if established, further suggests that HSV-1 
could take advantage of host DDR to quickly recruit CTCF to 
organize the viral genome and replication centers, and facilitate 
viral transcription. Indeed, our CTCF ChIP-seq data 
(unpublished) suggested that 6 hour after HSV-1 infection, even 
though the total HSV-1 DNA per cell was less than that of the 
host, the recruitment of CTCF by HSV-1 had led to the loss of 
approximately 90% of CTCF binding peaks in the host genome, 
underscoring dramatic host genome reorganization. 
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